Neuronal signaling in brain circuits occurs at multiple scales ranging from molecules and cells to large neuronal assemblies. However, current sensing neurotechnologies are not designed for parallel access of signals at multiple scales. With the aim of combining nanoscale molecular sensing with electrical neural activity recordings within large neuronal assemblies, in this work three-dimensional (3D) plasmonic nanoantennas are integrated with multielectrode arrays (MEA). Nanoantennas are fabricated by fast ion beam milling on optical resist; gold is deposited on the nanoantennas in order to connect them electrically to the MEA microelectrodes and to obtain plasmonic behavior. The optical properties of these 3D nanostructures are studied through finite elements method (FEM) simulations that show a high electromagnetic field enhancement. This plasmonic enhancement is confirmed by surface enhancement Raman spectroscopy of a dye performed in liquid, which presents an enhancement of almost 100 times the incident field amplitude at resonant excitation. Finally, the reported MEA devices are tested on cultured rat hippocampal neurons. Neurons develop by extending branches on the nanostructured electrodes and extracellular action potentials are recorded over multiple days in vitro. Raman spectra of living neurons cultured on the nanoantennas are also acquired. These results highlight that these nanostructures could be potential candidates for combining electrophysiological measures of large networks with simultaneous spectroscopic investigations at the molecular level.
Introduction
Unravelling the mechanisms at the origin of brain function requires the acquisition of detailed information from a wide range of different scales, ranging from molecules and single cells to large brain circuits. On one hand, large assemblies of neurons must be monitored on the millimeter-centimeter scale in order to investigate their collective behaviour; on the other, it is essential to gain access to the chemical, sub-cellular, nanoscale environment governing the activity of single neurons. Presently, these scales are investigated on separate samples by exploiting different physical phenomena for sensing, while effective combined solutions for simultaneous measurements at the scale of large neural networks have not yet been introduced.
Typically, electrophysiological signals from a large number of neurons within networks can be detected by recording the spontaneous or evoked electrical activity with innovative generations of multi-electrode array (MEA) bio-devices, [1] [2] [3] [4] while the neuronal molecular environment can be instead characterized by fluorescence optical spectroscopy 5 or with electrochemical methods tuned for specific molecules, such as dopamine detection based on oxidation-reduction reactions with carbon fiber electrodes. 6 With the aim of combining these electrical and fluorescence measures at multiple scales, Tsai-Wen Chen et al. recently presented a novel class of highly sensitive fluorescence calcium indicators that are fast enough to react to individual action potentials, thus correlating electrical recording and fluorescence imaging for fast signals. 7 However, this class of optical techniques requires the gene expression of fluorescence indicators within the cells, and so far the reported electrical-fluorescence measurement was performed only on a few single neurons in combination with patch-clamp recordings.
Parallel to fluorescence methods, in recent years Raman spectroscopy has become a particularly interesting technique for studying the chemistry of living cells. Indeed, with respect to fluorescence spectroscopy, Raman spectroscopy is a label free, non-invasive technique, with the additional advantage of not being affected by bleaching. In this view, the spectrum of scattered Raman signals represents a comprehensive map of the biochemical environment of the system, allowing one to identify and quantify the presence of proteins, lipids, 8 nucleic acids (DNA, RNA), 9 and neurotransmitters such as dopamine or others. Moreover, by time-resolved Raman analysis it is possible to monitor the reaction and evolution of the cellular behaviour to various agents. 8 Therefore, the combination of information acquired through Raman spectroscopy with electrical activity recordings from large neuronal assemblies is a very attractive opportunity to expand the current toolset of neurotechnologies, and in particular to study the correlation between molecular/chemical changes occurring on the nanoscale and the resulting neuronal activity within large networks. However, one of the major limitations in combining Raman detection and MEAs is the difficulty of achieving good Raman detection on biological living systems. In fact, Raman spectroscopy on live cells is performed today either using high power light sources and long acquisition times 10 or using complex systems based on dual laser sources and non-linear effects like Coherent anti-Stokes Raman Spectroscopy (CARS) 10 and Stimulated Raman Spectroscopy (SRS). 11 The need for overcoming these limitations is dictated by several reasons. First, the intensity of the light source used for spectroscopy on biological living samples should be kept at very low values in order to avoid damaging, degrading or influencing the biological environment. As a result, collected optical signals under these conditions are particularly weak. Secondly, the spectra have to be acquired in a liquid environment, a condition where scattering effects limit the collection of Raman signals. Finally, various target molecules are present in cells only at very low concentrations, often below the detection limit of standard Raman techniques. Therefore, the development of new strategies allowing the maximization of the acquisition efficiency of Raman signals in biological living systems is a fundamental step to obtain clean spectra with practical acquisition times. Among the different approaches, the most promising solution is the exploitation of plasmonics and in particular of its abilities to capture radiation and enhance electromagnetic fields. This is a rapidly growing research area and various studies on plasmonics and adapted nanostructures have been recently reported, which include Raman scattering enhancement, [12] [13] [14] [15] [16] 27 and nanoelectronics. 28, 29 As an example in the field of biosensing, planar metal nanostructured substrates have already been used as Surface Enhanced Raman Spectroscopy (SERS) devices for the study of bio-molecules, showing that the plasmonic enhancement of the nanostructured surfaces allows one to achieve a high sensitivity of the Raman detection when using low intensity light radiation. [30] [31] [32] These planar nanostructured metal surfaces represent a fast and cost-effective solution for Raman spectroscopy on living systems. However, the combination of these planar nanostructures with electrical recording is a complex and unpractical task. This is due to difficulties in integrating planar plasmonic nanoantennas on metal electrodes with a suitable approach that avoids the latter to short-circuit the nanostructures and annihilate the plasmonic enhancement.
Alternatively, we have recently demonstrated that silver coated 3D nanoantennas are capable of broadband absorption and plasmonic field enhancement in the visible-IR range of radiation. 33 However, silver is well known to be cytotoxic, thus not an adequate electrode material to sustain in vitro neuronal cultures for several days. In addition, our previously reported fabrication process required Focus-Ion-Beam (FIB) ion milling through a very thin supporting membrane (<0.5 µm), which is not a convenient substrate for the design of complex and durable multielectrode array devices.
Here, we present a solution to combine nanoscale sensing with 3D plasmonic nanostructures and extracellular electrophysiological sensing with multielectrode arrays, thus overcoming the current major technological impediments. In a first instance, we present numerical calculations and experimental evidence of field enhancement in liquid of 3D nanoantennas coated with gold, which is a well-known biocompatible metal. Secondly, we introduce an optimized process for fabricating the 3D nanoantennas on bulk and pre-structured quartz wafers, which are excellent substrates for multielectrode arrays. Theoretical simulations are also corroborated by experimental evidence of field enhancement using light at 785 nm and a known molecule (methylene blue). 33 These measurements have also been performed under physiological conditions (in liquid) to demonstrate the sensing capabilities under conditions that closely reproduce the cellular environment. Importantly, plasmonic enhancement in the near IR range is particularly relevant for living cell imaging since the high background signal associated with molecular fluorescence can be strongly reduced, and near-infrared lasers induce less photo-damage compared to UV or visible lasers. 34 Finally, we show that our 3D nanoantennas can be easily integrated with multielectrode array devices. The realized devices support the growth of cultured neural networks for several days, allowing SERS spectra acquisition of living neurons and recording of their spontaneous extracellular activity. Thus, the dual functionality of these new biosensors is experimentally confirmed and paves the way to combined bio-sensing capabilities at multiple scales.
Experimental section
Nanoantennas and MEA fabrication Three-dimensional field enhancers have been obtained through a novel fabrication process that relies on secondary electrons generated by ion beam milling. Details of this process and of the involved physical phenomena have been described elsewhere. 33 Briefly, a layer of optical resist has been deposited by spin-coating. The structure of the antenna has been defined by focused ion beam milling (FEI NanoLab 600 dual beam system) using a gallium ion source with a current of 40 pA and a dose of 3 pC/μm −2 . The interaction between gallium ions and the photoresist produces high secondary electrons that cause the inversion of a thin layer of resist around the milling spot. In this way, when the sample is immersed in solvent, the unexposed resist is normally dissolved, but the exposed part becomes insoluble and remains attached to the substrate, forming thus nanocylinders.
Multielectrode arrays have been fabricated on quartz wafers using standard micro-fabrication techniques with the aim of testing their integration with 3D nanoantennas. The active area of the MEAs is of 4 mm 2 and integrates 25 gold electrodes with a minimum center-to-center inter-electrode space of 400 µm. The chip surface is insulated with 3 µm of polyimide (from DuPont®) which presents 60 × 60 µm 2 openings at the gold electrodes. The quartz MEA is then mounted and wire bonded onto a printed-circuit-board (PCB) for electrophysiological recordings using a Multi Channel Systems® GmbH amplifier setup (USB-MEA60-Up-System).
Raman spectroscopy
The field enhancement of the 3D plasmonic nanoantennas has been evaluated by measuring the Raman intensities of methylene blue in liquid. The sample has been immersed in a 1 mM solution of the dye for 5 minutes and then rinsed in deionized water for 30 seconds. Raman spectra have been acquired through a 50× objective on the wet substrate using a Renishaw® InVia system. Due to the fast acquisition times (10 s), the drying of the drop and a consequent change of concentration can be considered negligible, as proven by the acquisition of various spectra (here not reported) that have shown good reproducibility. Raman measurements have been performed on living neurons with the same experimental setup. In this case the spectra have been acquired through a 60× immersion objective directly inserted in the cell culture media.
Culture of primary hippocampal neurons
Experiments were performed with primary neuronal cell cultures in accordance with the ethical guidelines established by the European Community Council (Directive 2010/63/EU of September 22nd, 2010). As reported in a previous work, 35 hippocampal primary cell cultures were obtained by enzymatic dissociation of rat embryos at E18 and were grown on the nanostructured MEAs. Preparation of the nanostructured MEAs for neuronal cell culture includes the sterilization of the devices using conventional protocols under UV light, which also improves surface hydrophilicity, and in ethanol. Subsequently, the device is washed with sterilized water and coated with poly-D-lysine, which is incubated on the device surface overnight before rinsing. Next, a drop of the cellular suspension with the desired concentration of cells is placed on the nanostructured MEA active area for one hour to enable cell adhesion before adding the cell culture medium. Neuronal networks are grown in an incubator, under a humidified atmosphere with 5% CO 2 , 95% air and at 37°C. For scanning electron microscopy imaging (SEM), cell cultures were fixed with 2% glutaraldehyde solution in deionized water for 40 minutes at room temperature. Successively, the cultures were dehydrated with a series of 5 min incubations in rising concentrations of ethanol in water solutions (from 30% to 100%) and dried overnight in hexamethyldisilazane (HMDS, Sigma-Aldrich). Finally, the samples were coated with a 10 nm thick gold layer and analysed by SEM (FEI NanoLab 600 dual beam system).
Results and discussion

Integration of nanoantennas with MEA biosensors
In this work we present a novel fabrication process to structure the 3D nanoantennas on the microelectrodes of a MEA. The previously described original process for the fabrication of the 3D nanoantennas required performing the FIB milling through a thin (sub-micron) supporting membrane on which the optical resist was spin-coated. 33 In this way the ion beam spot contours were absorbed by the thin membrane and the resist was exposed to a narrower and more defined beam able to produce cylinders with almost perfect vertical walls. Here, we modified the fabrication method by allowing the assembly of the same nanoantennas also on bulk substrates such as quartz or silicon wafers. This new process requires the deposition of an additional sacrificial layer on top of the optical resist that is spin-coated on the bulk substrate. This layer acts as the thin supporting membrane and shapes the beam spot by eliminating the lower intensity contours of the spot. After the FIB writing process of the arrays, the sacrificial layer is removed and the substrate is immersed in the solvent for structuring the nanoantennas, as shown in Fig. 1 . The shape and the reachable aspect ratio of the resulting nanoantennas are the same as those obtained with the original process. Fig. 1f shows an example of nanoantenna fabricated on the bulk substrate with this new process. A further advantage introduced by this revised nanofabrication method is the higher velocity of the ion milling phase. Indeed, the sacrificial layer does not need to physically support the optical resist as in the previous process and its thickness can be reduced to the minimum value as required for the shaping of the beam spot. Thus, the time needed to mill through the sacrificial layer is shorter than that in the case of the supporting membrane, resulting in an overall process that is 60% faster than the one previously reported. This novel fabrication technique allowed us to produce arrays of 3D plasmonic nanoantennas on top of a custom designed MEA chip realized on a quartz substrate. Fig. 2 collects various images of the custom designed MEA chip and shows the 3D nanoantennas fabricated on the microelectrodes. The pictures show that dense and orderly placed gold nanoantenna arrays could be produced on each electrode with good alignment on the pre-structured passivation and metal layers of the electrodes. Moreover, the metal coating of the nanoantennas is connected to the planar electrodes at their opening so that they can also act as 3D nanoelectrodes and contribute to the signal recording.
This novel fabrication method offers several combined advantages with respect to other fabrication techniques for 3D nanostructures, which often have to sacrifice precision, speed or degrees of freedom in order to reach the desired goal. Our 
tuning of nanoantenna geometry, (iii) the possibility to coat the structures with various materials, and (iv) the precise positioning of the nanoantennas in ordered arrays. Moreover, as demonstrated by the produced MEA chips, the nanoantennas can be fabricated on complex substrates that already present multi-level structures, such as electronic devices and sensors. This last feature is also interesting because it points out at the easy integration of the 3D nanoantennas with tailored hydrophobic or oleophobic surfaces recently introduced; 36 indeed these surfaces consist of metallic areas embedded in wells of polymeric material and therefore resemble the typical configuration of multielectrode arrays.
In the following section we present a spectroscopic study of the gold coated plasmonic nanoantennas. Raman spectroscopy shows that our nanoantennas present (i) high field enhancement at a wavelength of 785 nm, and (ii) the capability of connecting the plasmonic antennas to a metallic layer without inhibiting their plasmonic behaviour. These two features represent important progress toward the realization of devices with integrated spectroscopy and electrical capabilities.
Plasmonic properties of nanoantennas
In order to quantify the potential of the three-dimensional nanoantennas as Raman enhancers in a liquid biocompatible environment, FEM numerical calculations have been performed to estimate the field magnification. Details of the simulation method are available in ESI. † Fig. 3a shows the values of field amplitude enhancement calculated at a distance of 0.5 nm from the tip gold surface of antennas with height ranging from 1200 to 2400 nm, and external radius from 75 to 125 nm.
Since the antennas on the device have to be employed in a biocompatible aqueous solution (i.e. cell culture media), the simulated model considered polymer antennas coated with a 18 nm thick gold layer and surrounded by water.
Calculations suggested that at around 780 nm, antennas higher than 1500 nm and narrower than 200 nm present the higher values of field enhancement, with a maximum value of 94 times the amplitude of the incoming electric field achieved in the case of antennas of height H = 1900 nm and radius R = 80 nm. These simulations show that the optical response of the antennas at the desired wavelength can be tuned by selecting a specific antenna geometry, which can be done very precisely with the technique described above.
Experimental confirmation of theorized enhancement has been achieved by comparing the Raman signals of a solution of methylene blue dye when the signal is acquired on top of an antenna or on the gold substrate surrounding them.
These results are shown in Fig. 3b for an exciting wavelength of λ = 785 nm. Here, the red curve represents the spectrum of the probe molecule acquired on a single antenna, while the black line is the same spectrum obtained on the gold substrate; the substrate presented a 30 nm thick gold coating with a local roughness of 4 nm. Laser power and acquisition time were 2 mW and 10 seconds for the spectrum on the antenna, and 100 mW and 10 seconds for that on the substrate, respectively.
Quantification of the enhancement has been performed by comparing the signal intensity of five different peaks in the two spectra, taking into account the different laser power, integration time, and the number of scattering centres (hot spot area ≈10 3 nm 2 , laser beam spot ≈3.4 × 10 6 nm 2 ).
The considered number of scattering centres takes into account only the gold surface in the laser focus spot in both the nanoantenna and the substrate case, since it has been estimated that the signal coming from the volume of liquid is negligible with respect to the intensity coming from the enhanced molecules in proximity of the gold surface. By these calculations it has been found a maximum field enhancement of 30 in the case of the feature at 485 cm −1 , a value of 26 in the case figure) and on the single plasmonic nanoantenna (1.9 µm height and 80 nm radius) operated at an excitation wavelength of λ = 785 nm. Antenna excitation and signal acquisition is carried out through a 50× objective at normal incidence in the reflection configuration.
of the feature at 501 cm −1 and a lower value of 23 for the signals at higher wavenumbers. Field amplitude enhancements in respect of rough gold are summarized in Table 1 together with an attempt of assignment obtained in comparison with the literature. 37 We remark that the reported values represent the enhancement achieved with respect to those obtained on a rough gold surface, which is in itself a SERS enhancer; therefore the real enhancements have to be considered much higher than those reported, and probably very close to those resulted from the simulations (on the order of 100). Differences between experimental and predicted values can be further attributed to various effects such as differences in the experimental effective refractive index with respect to the simulated one, and to scattering effects in the liquid. The maximum enhancement has been found for vibrational features related to bonds including sulphur and nitrogen due to their affinity with gold.
We would also underline that the enhancement factor is limited by the vertical disposition of the antennas with respect to the substrate; such a configuration is very unfavourable when the exciting laser impinges normal to the substrate (the k vector is parallel to the antenna main axis). In contrast, if the nanoantennas are tilted with respect to the incident radiation, their coupling efficiency increases and results in a higher enhancement. However, in these first experiments the vertical configuration has been used because of the easier implementation with the cellular platform; indeed, a tilting of the antennas will lower their mechanical strength under the stress caused by the neurons. Some preliminary data, not reported for brevity, suggest that a moderate tilting angle, on the order of 20 degrees, would represent a good compromise between efficient laser coupling (field enhancement) and mechanical strength.
By considering the high number of counts obtained with the vertical configuration at 1 mM solution of the analyte, and by combining the tilting effect with a further tuning of the geometry and the possibility to increase the exposition time, we assume that these systems could reach detection limits in the µM range, suitable for biosensing in cell culture environments.
Recordings of neural activity with nanostructured MEA
Hippocampal neuronal cultures were grown on the multielectrode arrays with plasmonic nanoantennas in order to assess the capability of these devices to support neural growth for a few weeks and the possibility to record extracellular action potentials of spontaneous activity. Fig. 4a and b show a SEM image of a neural culture fixed at 24 days in vitro (DiVs), after multiple electrophysiological recordings over its development. The neuronal cells reported in the pictures showed a good adhesion on the device and developed a network with dense arborizations over the passivation layer and the nanostructured electrodes. Some nanoantennas in the SEM pictures are not covered by soma or neurites because we decided to plate cells at a relatively low density to ensure both electrical and Raman measurements from distinct neurons. Although we do not discuss it in this work, we have observed also that neurons tend to adhere preferentially on the nanoantennas rather than on the flat surface around them. This is a promising sign of good biocompatibility of these nanostructures.
In Fig. 4a and b one can notice that a few nanoantennas are bent or broken. This effect is due to the fixation/dehydration process necessary for preparing the samples for SEM imaging, which introduces a strong mechanical stress by removing water and other liquids from the culture. In fact, optical microscopy inspection of the cultures before dehydration shows that the totality of the nanoantennas is standing in their original vertical position without any broken nanoantenna.
The spontaneous extracellular action potentials could be detected starting from 14 DiVs and up to 24 DiVs, and from ∼70% of the nanostructured electrodes. Fig. 4c shows some examples of the recorded electrical signals from four different channels at 21 DiVs, while Fig. 4d shows a detailed view of a single action potential. As shown in the figures, the spike amplitudes are in the range of 20-80 µV p-p , which is an expectable value for planar gold electrodes. Burst events were detected on some electrodes starting from 18 DiVs.
The noise of the nanostructured electrodes resulted to be of about 3 µV rms , and was comparable to that of standard passive MEA devices with a similar planar electrode geometry. This indicates negligible wettability issues for electrodes structured with dense 3D nanoantenna arrays and embedded in a thick (3 µm) polyimide insulation layer. These measurements also confirm that the proposed fabrication process is compatible with the realization of biosensors based on electrical acquisition of neural activity.
SERS spectroscopy of living neurons
The final confirmation of the effectiveness of the proposed device as a multifunctional sensor has been obtained by performing SERS measurements of living neurons cultured on a chip. Results of such investigation are shown in Fig. 5 by comparing SERS measures from nanoantennas and from the unstructured gold surface. For ease of comparison, the curves have been stacked by applying off-sets and backgrounds have been subtracted. Examples of raw spectra are available in ESI (Fig. S1 †) . As a first consideration, it is visible that neurons lying on gold antennas (red lines in the figure) clearly show the presence of vibrational features, while the spectrum of neurons on the gold substrate (black line) does not show any peak using the same acquisition parameters.
Such a result is in accordance with the previously reported effects for methylene blue, and demonstrates the efficiency of the SERS MEA substrate not only with a probe molecule but also with in vitro neuronal cultures. Based on these results, it is also possible to exclude the presence of Normal Raman contributions deriving from the part of the cell surrounding the antenna. Interestingly, it should also be noted that different features have been obtained from the analysis of SERS signals acquired from different antennas that interface the same neurons.
Such a behaviour has to be attributed to the larger size of the neuronal soma with respect to the nanoantennas, and thus to the different nanoscale environments locally sensed by each nanoantenna.
This highlights the potential capability of this technique to map the chemical composition of different cellular zones. Additionally, it should be considered that only the external membrane is in contact with the SERS active hot-spot of the antenna. Thus, information deriving by this analysis can be related only to the extracellular environment.
In order to have a further insight into the possibilities of such a method, in Table 2 we propose an attribution of the peaks in comparison with literature data. 8, 38 It should be underlined that most of the peaks can be related to the presence of aminoacids or proteins. The literature reports that proteins in the neuron membrane are involved in several processes, for instance acting as receptors or ion channels. 39, 40 It is also known that protein translation is required for synaptic plasticity. 41 In this view, since our approach is able to map the variation of the protein concentration in the membrane, it might be exploited to have further insights into these processes. 
Conclusions
In this work we have demonstrated the capability to realize plasmonic three-dimensional nanoantennas on MEA biodevices without compromising the plasmonic performance of the nanoantennas or the electrical recording performances of MEA electrodes. This paves the way to the combination of plasmonic-enhanced spectroscopy on the nanoscale with standard and well established electrical recordings in neuronal networks. We have proven that gold coated 3D plasmonic nanostructures can ensure efficient electromagnetic field enhancement in the near IR range and are therefore ideal tools for spectroscopy of living biological samples that are prone to degradation following exposure to high intensity radiation. This feature comes in addition to the already proven broadband absorption of such systems. 33 FEM simulations have been used to set the structure's geometry in order to optimize the value of field enhancement at 785 nm.
It has been found that a gold three-dimensional nanoantenna can present a value of field amplitude enhancement up to 94 with respect to the amplitude of the incident field in correspondence of the optimal excitation wavelength. These simulated results have been compared with experimental data obtained by means of Raman spectroscopy performed on the three-dimensional nanoantennas and on planar substrates; the experiments have demonstrated an enhancement of the incident wavelength on the order of 100 times, which is in accordance with values calculated by FEM in the case of antennas excited at resonant wavelength. Possible further developments suggest that the cellular environment can be investigated on the nanoscale with three-dimensional plasmonic nanoantennas by means of Raman spectroscopy with low detection limits.
The MEA biosensor with integrated plasmonic 3D nanoantennas could be used for growing in vitro neuronal networks to assess the compatibility of our sensors in this biological environment. SEM imaging of the fixed culture showed that neurons had good adhesion on the nanostructures and developed a network up to 24 DiVs. We observed that neuronal soma and neurites tend to engulf the nanoantennas, thus suggesting the potentiality of this approach to improve cellular coupling and improve the signal quality recorded by microelectrodes. 1 The plasmonic nanoantennas have been used to perform preliminary Raman spectroscopy on living neurons cultured on them. The acquired spectra confirm the high efficiency of these nanostructures and their capability to detect biological molecules in the neuron/medium environment. Extracellular spontaneous activity from the resulting network could be detected from the majority of the nanostructured electrodes in 4 different recording sessions from 14 to 24 DiVs, including single action potentials and burst events. The performances of the MEAs in terms of noise, peak amplitude and signal-to-noise ratio resulted to be comparable to those of standard passive MEA with a similar planar electrode geometry. Therefore, the introduction of three-dimensional spectroscopic nano-probes on the device did not interfere with the normal recording performances of microelectrodes. Together with the SERS analysis of neurons, these are encouraging results toward the realization of complex multifunctional devices in which the collective electrical activity of neural networks can be combined and correlated with detailed chemical information of single neurons acquired by means of plasmonic enhanced Raman spectroscopy. Moreover, considering the size of our plasmonic three-dimensional nanoantennas and their electrical connection to the MEA planar electrodes, a promising future perspective is the additional exploitation of such nanostructures as 3D nanoelectrodes for cellular electroporation and consequent intracellular recording, as has been already reported in the literature with similar nanostructures. 1, 42 This would allow one to use our plasmonic nanoantennas not only to enhance spectroscopic investigations, but also to significantly improve the electrical recording performance of MEA devices at the same time. 
